Study Objectives: Patients with narcolepsy experience poor maintenance of wakefulness and fragmented night sleep, but the underlying mechanism of sleep boundary dysregulation remains little understood. The goal of this study was to quantify abnormal sleep-wake regulation in narcolepsy patients. Methods: Using a model-based approach (state space analysis), we analyzed overnight electroencephalography recordings in 10 patients with narcolepsy type 1 and age-and gender-matched healthy control subjects. We analyzed consolidated sleep states using cluster analysis in state space and transitional sleep periods as trajectories between stable clusters. Results: Patients with narcolepsy showed a dislocation of rapid eye movement (REM) sleep in state space and overlap of REM and WAKE behavioral states. Narcolepsy patients had more trajectories between the REM and the WAKE clusters and also between the non-rapid eye movement (NREM) and WAKE clusters. Point density analysis showed more transitional periods between WAKE and REM in narcolepsy, less consolidated NREM sleep, and higher velocities between WAKE and NREM in patients. Conventional sleep analysis revealed increased NREM1 and decreased NREM2 sleep and reduced REM latency in narcolepsy patients. Conclusions: This study provides further evidence for narcolepsy as a disorder of state boundaries including but not limited to REM sleep and wakefulness. In particular, the increase in transitional periods between REM and WAKE but also between NREM and WAKE indicates abnormal state dynamics in narcolepsy. This pattern may be a consequence of disrupted sleep/wake stabilizing mechanisms due to loss of hypocretin/orexin neurons in the hypothalamus. Keywords: Sleep, narcolepsy, EEG, state space analysis, REM, state boundary dysregulation.
INTRODUCTION
Patients with narcolepsy type 1 experience excessive daytime sleepiness, cataplexy (sudden loss of muscle tone upon strong emotions), fragmented nighttime sleep, and abnormal expressions of rapid eye movement (REM) sleep, such as rapid transitions into REM sleep, hypnagogic and hypnopompic hallucinations, and sleep paralysis. 1 Most of these symptoms may appear in a broad range of sleep disorders, but cataplexy is pathognomonic for narcolepsy type 1.
Many symptoms in narcolepsy patients indicate a specific pathological dysregulation of REM sleep and wakefulness, whereas non-rapid eye movement (NREM) sleep seems to be less affected. Nevertheless, Broughton et al. 2 opened a discourse in 1986 whether narcolepsy is a disorder of state boundary control rather than an exclusive disorder of REM sleep. 3 They argued that although predominantly elements of REM sleep occur in other sleep stages (e.g., muscle tone loss in cataplexy during wakefulness), "almost all conceivable dissociations of normal state boundaries of wakefulness, NREM sleep, and REM sleep have been reported". 2 In a similar vein, Saper et al. 4 propose a "flip-flop" model of sleep regulation as a possible mechanism for physiological sleep-wake transitions. This model suggests that the sleep-promoting gamma-aminobutyric acid-(GABA-)ergic neurons in the ventrolateral preoptic nucleus (VLPO) and the wake-promoting monoaminergic and cholinergic nuclei orchestrate a reciprocal inhibition to enable rapid transitions between sleep and wakefulness. During wakefulness, monoaminergic and cholinergic nuclei inhibit VLPO neurons, thereby reducing their own inhibition and the inhibition of hypocretin/orexin neurons and other wake-promoting regions. At sleep onset, the VLPO inhibits the wake-promoting nuclei and the hypocretin/orexin neurons, therefore alleviating its own inhibition. This mutual feedback inhibition leads to fast-but unstable-transitions between sleep states. Hypocretin/orexin neurons are thought to stabilize this process by reinforcing wakefulness and preventing uncontrolled transitions between sleep states. 5 In this model, loss of hypocretin/orexin neurons in patients with narcolepsy 6 would therefore allow for fast, intrusive, and unstable transitions between and within different sleep states and wakefulness, 7 as a pathophysiological basis for dysfunctional sleep in narcolepsy. 8 Supporting this concept, a study in canines indicates that narcolepsy is not linked exclusively to abnormal REM sleep regulation but rather to dysfunction in the maintenance of vigilance states in general. 9 In humans, predominantly stage transitions between REM sleep and wakefulness have been examined and various authors found increased REM-wake transitions in narcolepsy patients. [10] [11] [12] More recently, impaired sleep/wake dynamics also in NREM sleep were reported in a comparative polysomnography study. 13 In a similar vein, narcolepsy patients show fragmented nocturnal sleep and decreased beta activity, which might be explained by impaired central sleep-regulating systems.
14 Changes in NREM sleep in narcolepsy also include reduction of cyclic alternating pattern, as well as higher spectral power in fast frequencies during slow-wave sleep. 15 Beyond polysomnography studies, model-based approaches have shown promising results in the examination of sleepwake dynamics, in particular by describing transitional states
Statement of Significance
We applied a model-based approach to analyze sleep electroencephalography (EEG) in patients with narcolepsy type 1 and control subjects. This approach allows for the analysis of dynamic aspects of sleep, which are not accessible by conventional sleep analysis. Our findings highlight the value of quantitative analyses of EEG in healthy and pathological sleep to gain greater understanding of the underlying mechanisms of dysfunctional sleep regulation. From a clinical perspective, this study also provides proof-of-principle that analysis of EEG dynamics may add to the diagnostic evaluation in sleep in patients with suspected narcolepsy.
between sleep stages. [16] [17] [18] A sleep-specific model (state space analysis) was implemented by Diniz-Behn et al. in hypocretin/ orexin knockout (KO) mice (a rodent model for narcolepsy), which offered further evidence for state boundary dysregulation in narcolepsy. In this model, hypocretin/orexin KO mice show altered patterns of sleep state transitions, including frequent transitions between WAKE and NREM sleep. Furthermore, reduction of stable deep NREM sleep and active WAKE periods were observed, and the threshold for behavioral state changes was significantly reduced, indicating a general dysfunction of state boundary regulation in narcolepsy. 19 We have adapted this model-based approach for human sleep 20 in healthy as well as in pathological sleep (e.g., Parkinson's disease), and state space analysis was shown to be a reliable tool for quantitative assessment of sleep state dynamics in humans. 21 Considering the proposed pathological disruption of sleep boundary regulation in narcolepsy, we used this model to explore the dynamics of sleep state stability and state transitions in a comparative approach. We hypothesize that patients with narcolepsy show less consolidated and more unstable sleep state distribution with more transitional states between and within consolidated sleep periods. Specifically, we set out to determine how distribution and stability of sleep clusters in state space and the trajectories between them are altered in patients with narcolepsy type 1 as compared to healthy controls.
METHODS

Participants and Procedures
We compared electroencephalography (EEG) patterns in overnight polysomnograms of 10 patients with narcolepsy (age M ± SD: 29.7 ± 8.1 years, seven females, body mass index [BMI] = 29.3 ± 8.2) with 10 healthy control subjects matched for age (29.9 ± 8.2), gender (seven females), and BMI (28.8 ± 7.8). The average time since diagnosis was 13.3 ± 8.0 years. All patients fulfilled diagnostic criteria for narcolepsy type 1 and showed typical clinical features: multiple sleep onset REM sleep periods (SOREMP) on multiple sleep latency test, human leukocyte antigen DQB1*0602 positive, orexin/hypocretin-deficiency (7/7 tested). All patients (10/10) had cataplexy. Excessive daytime sleepiness was observed in all patients (Epworth Sleepiness Scale: 15.2 ± 4.6), and all patients showed pathological scores in the Ullanlinna Narcolepsy Scale (22.5 ± 8.6) and the Stanford Cataplexy Scale (66 ± 27). Patients were either drug-free or discontinued their medications 14 days before sleep laboratory examinations. Prior to the study, narcolepsy patients had been treated with wake-promoting drugs (modafinil and methylphenidate) and one patient with fluoxetine (20 mg/day). We recorded the participants' adherence to a regular sleep pattern for 7 days before the sleep lab nights with sleep diaries and actigraphy.
Participants took part in several experimental nights; sleep recordings of the baseline examination (standard polysomnography from 11:00 pm to 07:00 am) are reported here. Detailed descriptions of the other experimental nights can be found in Poryazova et al. 22 Video-polysomnography was performed using Medcare Somnologica Studio, recording eight EEG channels (F3, F4, C3, C4, P3, P4, O1, and O2 in the international 10-20 system of electrode placement) referenced to the opposite mastoid channels (A1 and A2), left and right electrooculography, submental electromyography, electrocardiography, respiratory flow and effort, pulse-oximetry, and left and right anterior tibialis electromyography. EEG signals were recorded at a sampling rate of 100 Hz.
The study was approved by the local ethics committee (Kantonale Ethikkommission Zürich), and written informed consent was obtained from all subjects prior to participation.
Sleep Analysis
Sleep EEG was scored independently by two experienced sleep researchers twice; first in 30-second epochs according to standard criteria 23, 24 and second in 5-second epochs with adapted scoring criteria as previously reported. 20 The scoring length of 5 seconds is a compromise between high temporal resolution (smaller epoch length) and spectral resolution (longer epoch length) and allowed for modeling of short-term temporal changes in the sleep EEG. To validate the shorter epoch length (5 seconds) as compared to conventional 30-second scoring, we compared both approaches by splitting the 30-second scoring into six epochs of 5-second length and calculated the percentage of agreement for each sleep stage. We then analyzed conventional sleep parameters for both epoch lengths and performed a pair-wise comparison.
For state space analysis, unfiltered raw EEG data were analyzed on a 5-second epoch basis for all channels separately as described in detail in prior papers. 20, 25 Briefly, in the state space model, each 5-second EEG epoch is represented as a point in a 2-dimensional state space defined by specific fixed frequency ratios [Ratio1 = (8.6 to 19.3 Hz)/(1.0 to 10.9 Hz), Ratio2 = (11.5 to 20.3 Hz)/(17.9 to 31.5 Hz)]. To ensure normally distributed states and as correction for artificial temporal variability of frequency ratios, we implemented a logged ratio approach as described earlier. 20 During consolidated sleep, sleep states form clusters in state space, whereas transitions between states are modeled as trajectories between clusters. Rapidly changing EEG signals are reflected as fast transitions in state space, and velocity in state space can thus be interpreted as a dynamic measure for sleep state instability. Therefore, mean velocity within one behavioral state represents a general measure of sleep state stability within that cluster.
We divided sleep states based on a previously defined velocity limit (cutoff: 0.01) to separate trajectories (high velocity, unstable states) from sleep stage clusters (low velocity, stable states). For cluster analysis, raw EEG data were filtered using a running window average (50-point Hann window). Point density in state space (i.e., the distribution of sleep states per group) was estimated by a probability estimate based on a normal kernel function (Matlab function ksdensity). 26 For the analysis of transitional periods (trajectories between sleep stages), we implemented a probabilistic approach to define the cluster borders between WAKE, NREM, and REM sleep using the following approach: For each participant, we calculated the probability density function of each behavioral state within the state space. All sleep states were assigned to the state with maximal probability density depending on location in state space. We then defined cluster borders as local minima in the overall probability density function as illustrated in Supplementary Figure 1 . We counted all trajectories starting and ending in consolidated behavioral states (clusters) to measure the total amount of transitional periods between and within each sleep stage. We then compared the number of transitions between different sleep stages between both groups (Table 1) .
We calculated velocities for each sleep stage separately and examined the spatial distribution of velocity differences between groups by measuring the mean velocity difference in state space depending on location.
Based on the 5-second sleep scoring, we calculated the total sleep time, as well as duration of each sleep stage, REM and NREM 2 latency, wake after sleep onset, and sleep efficiency. The sleep parameters, as derived from the 5-second scoring, were then compared with the sleep parameters from the 30-second scoring. Additionally, we calculated the amount of direct transitions among WAKE-REM, WAKE-NREM, and REM-NREM epochs based on conventional scoring. Sleep fragmentation was calculated as the sum of all transitions from a sleep stage, relative to the total number of epochs in that sleep stage, as described earlier. 27 Signal post-processing and data analysis were done using MatLab (Mathworks Inc., Natick, MA, 2015).
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Statistical Analysis
Statistical analysis was done using IBM SPSS Statistics (Version 22.0.0.2). Data were analyzed using paired t-tests for comparisons between patients and control group and repeated measure analysis of variance for multiple parameters within the same participant. The False Discovery Rate (FDR) was used to correct for multiple testing where appropriate. 29 If sphericity was violated, the Greenhouse-Geisser correction was used. Significance level was set to p = .05.
RESULTS
Cluster Analysis
For the analysis of state space clusters, we analyzed consolidated sleep states (i.e., slow velocity states, v < .01). To compare the topographic distribution of the different sleep stage clusters, we then calculated the center of each cluster for narcolepsy patients and control subjects (centroids in Figure 1 ). We found a significant displacement of the REM sleep cluster on the y axis in narcolepsy patients (M = 1.8 ± 0.24) as compared to control subjects (M = 2.11 ± 0.26), t (18) Figure 3 . This analysis showed similar transitional pathways between the clusters in both groups but significantly more transitional periods in narcolepsy patients. Qualitatively, this analysis revealed well-separated trajectories in control subjects ( Figure 3B ), whereas in narcolepsy patients, transitions between REM-NREM and WAKE-NREM were overlapping and less distinguishable ( Figure 3A ).
Sleep State Distribution in Narcolepsy
The overall distribution of sleep states was analyzed by relative point density distribution in state space. In narcolepsy, we observed significantly higher state density in the borderland between WAKE and REM sleep suggesting that they spend more time in transitional periods between WAKE and REM ( Figure 4A ). On the other hand, the control group had higher density in the NREM sleep 2 and 3 clusters, especially around the cluster centroids, indicating a higher amount of deep and consolidated NREM sleep (>2 SD difference).
Velocity Differences Between Groups
We found no significant differences in state space velocities between the two groups, neither in the velocities within the different sleep stages nor in the overall amount of slow and fast states (p > .116, Table 2 ). Examining the relationship between sleep stage, group, and velocities in a repeated measure analysis, we found a significant effect of sleep stage F(4,72) = 55.25, p < .001, but no effect for group or interaction of group and sleep stage (p > .21). We also analyzed velocities from different montages between the control group and patients. However, we found neither a significant effect of electrode location, group, nor an interaction between the two (p > .067). The regional distribution of velocities in state space differed between the narcolepsy and the control groups ( Figure 4B ). Narcolepsy patients showed higher velocities in the transitional zone between WAKE and NREM clusters and in the cluster periphery (>2 SD difference).
Results From Manual Sleep Scoring
We compared conventional sleep parameters based on scoring in 5-second epochs between the two groups ( Figure 2 -Probability density function of WAKE and REM sleep for narcolepsy patients and control subjects. Probability density was estimated along the y-axis in state space (ratio 2 in Figure 1 ). Sleep states in narcolepsy patients (A) showed a significant overlap of REM sleep and WAKE states, whereas in control subjects (B) REM sleep and WAKE states were significantly separated (*p < .05, paired t-test). REM = rapid eye movement. Table 1) .
Based on conventional scoring, narcolepsy patients had also more direct transitions between REM and WAKE t(18) = 2.53, p = .006 (95% CI [0.71, 7.77]), (Table 3 ), but they had no differences for NREM-REM or NREM-WAKE transitions.
Sleep Fragmentation Analysis
Finally, we examined sleep fragmentation within different behavioral states. We defined sleep fragmentation as the number of transitions out of a state normalized by the number of epochs of that state. In a repeated measure analysis, we examined the fragmentation of sleep with respect to sleep stages (within subjects) and between the groups. We found a significant main effect of sleep stage F(4,72) Table 1 ). NREM = non-rapid eye movement sleep; REM = rapid eye movement. higher point density in controls, blue: higher point density in narcolepsy), only point density with differences > 2 SD are plotted. Narcolepsy patients showed higher state density in the transitional zone between REM and WAKE clusters, whereas control subjects showed higher density in stable NREM sleep. Centroids of different sleep stages are represented as black diamonds (mean of both groups). (B) Differences in spatial distribution of velocities are color coded (red: higher point density in controls, blue: higher point density in narcolepsy) in state space. Only values with differences > 2 SD are plotted. Narcolepsy patients show higher velocities between NREM and WAKE clusters, but lower velocities between REM and WAKE clusters. Centroids of different sleep stages are represented as black diamonds (mean of both groups). NREM = non-rapid eye movement sleep; REM = rapid eye movement.
[−2.94, −13.16] ). For all the other sleep stages, the amount of fragmentation did not differ between the two groups, Table 4 .
Comparison Between 5-second and 30-second Scoring Length
The overall agreement between the 5-second and 30-second scoring was 83.5% on average and did not differ between groups. Pair-wise comparisons revealed more 5-second NREM1 epochs during NREM2 sleep in narcolepsy patients (p = .002, 95%
CI [1.16, 4 .34], Supplementary Table 1) . Furthermore, while sleep parameters differed based on epoch length, we found the same group differences with both scoring versions overall. However, wake after sleep onset was significantly shorter in the control group when scored in 30-second epochs (significant interaction between scoring epoch length and group, p = .018, Supplementary Table 2) .
DISCUSSION
We implemented a mathematical model of sleep EEG analysis (state space analysis) to examine sleep/wake dynamics in patients with narcolepsy as compared to a control group of healthy volunteers. We found that in narcolepsy patients, REM and WAKE sleep clusters are less distinct, and the analysis of sleep dynamics revealed more transitional periods in the borderland between REM sleep and wakefulness. However, sleep state instability was not limited to WAKE and REM sleep as narcolepsy patients also showed more transitional periods between WAKE and NREM sleep and less stable, consolidated NREM sleep.
Pathological Sleep Structure in Narcolepsy
Narcolepsy patients showed a significantly altered cluster arrangement in state space with displacement of the REM sleep cluster toward WAKE. This merging of WAKE and REM sleep in state space reflects a higher similarity of the two behavioral states in terms of spectral EEG characteristics. This finding was also reflected by greater overlap of probability density distributions in WAKE and REM sleep. From a clinical perspective, this is in line with certain behavioral characteristics in narcolepsy that suggest a mixing of elements of REM sleep and wake such as cataplexy, sleep paralysis, and lucid dreams. Thus, we argue that the closer similarity (i.e., proximity in state space) of Conventional sleep parameters based on 5-second scorings including p-values for independent t-tests. *Significant after False Discovery Rate correction of multiple tests. All values are M ± SD. NREM = non-rapid eye movement sleep; REM = rapid eye movement. State space velocities (overall and for different sleep stages), compared between patients and control subjects. There are no significant differences between the groups. All values are M ± SD. NREM = non-rapid eye movement sleep; REM = rapid eye movement.
WAKE and REM sleep provides a neurophysiological basis for pathological, rapid state transitions between these behavioral states. In other words, a smaller distance in state space facilitates REM-WAKE transitions, and patients with narcolepsy are therefore prone to pathological REM/WAKE instability. This interpretation is further supported by state density analysis showing that patients with narcolepsy indeed spend more time in the transitional zone between WAKE and REM sleep (blue area in Figure 4) . In contrast to these specific effects on REM sleep and wakefulness in terms of cluster arrangement, the analysis of sleep state dynamics (as assessed by computation of transitional periods in state space) revealed a more general effect on sleep dysregulation in narcolepsy. We found more transitional periods not only between WAKE and REM but also between WAKE and NREM clusters. Our findings directly suggest that pathological sleep regulation in narcolepsy is not restricted to REM sleep but also affects NREM sleep. State density analysis provides further support to the idea of generally unstable sleep states because point density for stable NREM sleep was lower for narcolepsy patients, indicating NREM sleep instability. Narcolepsy patients also spent more time in the periphery of the clusters (rather than in the cluster centers) during episodes of what should be consolidated NREM sleep. These findings are partly in agreement with an animal model of hypocretin/orexin KO mice that also showed higher state space density in the transitional regions between WAKE and REM, as well as between WAKE and NREM but reduced density in the more stable NREM states, similarly as observed in this study. 19 However, we did not observe convergence of WAKE and NREM sleep clusters as reported in mice. These different observations could be explained by methodological differences, as in mice predominantly the active (dark) period was examined, while we analyzed whole night recordings. Nevertheless, the observed reduction of consolidated NREM sleep in our study is also consistent with previous findings of insufficient NREM sleep intensity in humans 30 and decreased amount of deep NREM sleep with compensatory increase of (transitional) NREM sleep stage 1. 31 These findings of pathologically altered sleep/wake dynamics are also supported by conventional sleep scoring analysis revealing more time in NREM sleep stage 1 but less in NREM 2 in narcolepsy patients, which further supports the model of narcolepsy as a disorder with abnormal sleep/wake dynamics in not only REM sleep but also NREM sleep. In this context, we also analyzed velocity in state space as a measure of sleep instability.
20 Surprisingly, velocity between and within the sleep clusters did not differ between patients and the control group, although we observed higher state instability (in terms of more state-to-state transitions) in narcolepsy. However, while average velocities within sleep states did not differ between both groups, we observed regional differences, for example, significantly higher state space velocities between WAKE and NREM sleep in narcolepsy patients ( Figure 4B ). Therefore, we argue that sleep instability in narcolepsy as measured by state space velocity has a predominant effect on transitional states. Conversely, point density analysis revealed higher state density (i.e., more consolidated states in wakefulness) in some low velocity regions for narcolepsy patients ( Figure 4A ). Due to these opposing effects, we argue that average state space velocity as a global measure of sleep state instability failed to show a significant difference between groups.
In summary, state space analysis in narcolepsy revealed two different aspects of altered sleep structure: abnormal architecture of REM sleep and wakefulness in state space (i.e., cluster arrangement) plus more transitions and instability of REM and NREM sleep and in the transitional periods toward wakefulness. These observations suggest that altered sleep macrostructure (cluster arrangement) and sleep dynamics (transitional periods) are not manifestations of the same underlying pathological process. In this line, one could speculate that in patients with narcolepsy, REM sleep and WAKE are per se less distinct entities. However, only the globally impaired behavioral state stability as an additional factor provides a basis for the observed pathological transitions between different sleep stages. These general effects on sleep/wake dynamics could be caused by the loss of sleep stabilizing hypocretin/orexin neurons enabling abrupt and direct switches between all behavioral states, as suggested previously by Saper et al.. 4, 5 Although in our model all behavioral states are destabilized to the same extent, the closer proximity of WAKE and REM sleep clusters could provide a predilection site for pathological REM/WAKE transitions. This model could therefore explain the predominant effect in terms of 
Methodological Aspects and Limitations
State space analysis allows for characterization of sleep behavioral states in a continuous way, rather than analysis of consecutive epochs, as used in conventional sleep scoring. Because of the higher temporal resolution, as compared to conventional scoring of 30-second epochs, we were able to characterize transitions between sleep stages and found significant differences between narcolepsy patients and control subjects. This approach therefore allowed for a more detailed analysis of sleep dynamics in narcolepsy, despite the fact that sleep architecture (in the classical sense) is mainly preserved in narcolepsy. Importantly, most effects were only revealed in the model-based approach but not using the conventional sleep scoring methods. This might explain why previous studies have predominantly found changes in transitions between REM sleep and wakefulness. Sleep transitions identified by manual scoring only showed a difference for REM-WAKE transitions between the two groups, whereas the model-based approach revealed also significant changes in WAKE-NREM transitions. This finding highlights the ability to target specific state-to-state trajectories between consolidated clusters using the model-based approach. These trajectories are usually longer (multiple epochs) and less frequent than transitions between different sleep epochs. Transitions based on manual scoring on the other hand may be more frequent because sleep stages can vary from epoch to epoch. There are limitations to our study. First, the study sample size is small and some negative findings (e.g., the absence of differences in state space velocity) might be related to low power. Furthermore, the study population is clearly underpowered for correlative analyses, such as relating the observed quantitative differences in state space with clinical measures. Nevertheless, the detailed analysis of the sleep EEG revealed several significant findings and obvious qualitative differences that add to the basic pathophysiological understanding of narcolepsy. As we applied the model with identical parameters for both patients and controls (optimized for healthy volunteers), one might argue that these parameters were not optimal for modeling sleep of patients with narcolepsy. However, as both the patients and the control subjects showed distinct clusters in state space, we argue that the model reliably represents sleep/wake dynamics in both groups.
In the relative analysis of point density, we did not adjust for the displacement of state space centroids found in narcolepsy patients and used the same (average) values for both groups. This approach was used because the displacement was significant only for REM sleep. Finally, the recordings were done on the first night spent in the sleep laboratory, therefore we cannot rule out a first night effect influencing our findings. 32 However, it has been suggested that the first night effect is similar in narcolepsy patients and in the general population, 33 and therefore this effect should not have biased our findings.
Conclusion and Future Perspectives
In conclusion, our findings add further support to the growing evidence for narcolepsy as a disorder of state boundaries including but not limited to REM sleep. In particular, the observed increase in state-to-state transitions between REM and WAKE but also between WAKE and NREM is a strong indicator for blurred boundaries between behavioral states in general and might ultimately be a consequence of the proposed disruption of the "flip-flop" sleep mechanism in the hypocretin/ orexin depleted state. For future studies, we propose to apply analogous analyses on patients with narcolepsy with and without sleep-inducing medication to investigate the reversibility of these findings upon treatment. Furthermore, state space analysis of other sleep disorders such as narcolepsy type 2 or idiopathic hypersomnia could give further insights in the disease specificity of our findings.
